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Introduction
In May, 1994, the state of Maine issued the following health advisory regarding mercury in Maine lakes, warning citizens of the potential health effects of consuming too much fish from Maine lakes [Bower et al., 1997] :
"Pregnant women, nursing mothers, women who may become pregnant, and children less than 8 years old, should not eat fish from lakes and ponds in the state. Other people should limit consumption (eating) fish from these waters to 6-22 meals per year. People who eat large (old) fish should use the lower limit of 6 fish meals per year. People who limit themselves to eating smaller (younger) fish may use the upper limit of 22 fish meals per year."
This health advisory resulted in newspaper headlines throughout the state proclaiming, "Mercury: Maine Fish are Contaminated by this Deadly Poison" (The Maine Sportsman), "Maine's Most Lethal Sport" (accompanied by pictures of ice fishermen) (Maine Times), and "Natural-Borne Killer, Mercury Rising" (Casco Bay Weekly) . Were these newspapers issuing bold headlines merely to increase circulation or were they repeating stories based on fact? The data described below can give us some answers to this question.
What is mercury?
Mercury is a "heavy metal" that occurs naturally in the environment in several forms (elemental mercury, organic and inorganic mercury). Mercury occurs naturally in the earth's crust and oceans and is released into the earth's atmosphere. In addition, human activity results in releases of mercury through the burning of fossil fuels and incineration of household and industrial waste.
Mercury enters fish through two known mechanisms. When water passes over fish gills, fish absorb mercury directly from the water. In addition, fish intake mercury by eating other organisms. Mercury tends to bioaccumulate at the top levels of the food chain. Bioaccumulation occurs when microorganisms convert inorganic mercury into toxic organic compounds which become concentrated in fatty tissues as they move up the food chain [EPA, 1994] .
Mercury is a toxin that acts upon the human nervous system. Consumption of mercury laden fish can lead to a variety of neurological and physiological disorders in humans. Because mercury acts upon the nervous system, developing children and fetuses are especially sensitive to mercury's effects [Bahnick et al. 1994 ].
Background Information
In 1993, the U.S. Environmental Protection Agency (EPA) and the state of Maine implemented the "Maine Fish Tissue Contamination Project." The goals of the project were to determine the distribution of selected contaminants in fish from Maine lakes, to determine risk to human and wildlife consumers of fish from Maine lakes, and to identify factors that affect the distribution of contaminants in fish tissue. To select the sample of lakes, the research team identified 1073 lakes in Maine that had previously been surveyed, found to have significant fisheries, and were reasonably accessible. The identified lakes are a subset of the total number of lakes in Maine, 2314 [USEPA, 1995] . From the 1073 lakes, a simple random sample of 150 lakes was selected for study. Out of the original 150 lakes selected, samples were collected from only 125 of these lakes during the summers of 1993 and 1994. Non-sampled lakes were either not reasonably accessible or did not have desired fish species available.
A group of "target species" were determined based on the species' desirability as game fish, and other factors. The data included here involves only the predator species from the original target species list and thus only 115 lakes out of the original list of 150 lakes are included (Fig. 1) . To collect the fish specimens, field crews obtained up to 5 fish from the hierarchical order of preferred predator species group. Field protocols targeted fish that were of comparable age, legal length limit, "desirability" as game species, and likelihood of capture. Fish were collected by angling, gill nets, trap nets, dip nets or beach seines. Care was taken to keep fish clean and free of contamination. Upon capture, fish were immediately killed if alive. Fish were rinsed in lake water and wrapped in aluminum foil, labeled with an identification number, and kept on ice in a cooler. Upon returning from the field, fish were immediately frozen for later analyses. In the laboratory, the fish fillet (muscle) of each fish was extracted. The fillets from each lake were ground up, combined and homogenized, and then the tissue was subsampled to analyze for mercury levels.
Another goal of the study was to examine external stressors and other factors potentially responsible for elevated levels of mercury in fish. The information would be used to gain insights on conditions and sources that could be used in managing any problems detected. The factors were divided into fish factors, lake factors, and geographic stressors (watersheds and airsheds). Only a subset of the factors are used here. Lake characteristics include lake size, depth, elevation, lake type, lake stratification, watershed drainage area, runoff factor, lake flushing rate, and impoundment class.
Some useful definitions:
Lake type: A lake classification system [Collie, 1992] . A trophic state or level is a classification of taxa within a community that is based on feeding relationships. An oligotrophic lake has a balance between decaying vegetation and living organisms, where the lowest layer of water never loses its oxygen and the water contains few nutrients but sustains a fish population. An eutrophic lake has a high decay rate in the top layer of water, and so contains little oxygen at the lowest levels; it has few fish but is rich in algae. A mesotrophic lake is between the oligotrophic and the richer eutrophic state and has a moderate amount of nutrients in its water.
Lake stratification: Refers to temperature stratification within a lake. In summer, the lake surface warms up and a decreasing temperature gradient may exist with the bottom remaining cold. Consider a lake stratified if a temperature decrease of 1 degree per meter or greater exists with depth.
Drainage area: Area of land which collects and drains the rainwater which falls on it, such as the area around a lake [Collie, 1992] .
Runoff Factor: RF = (total runoff during year)/(total precipitation during year). Runoff is the amount of rainwater or melted snow which flows into rivers and streams. In general, higher runoff factors may lead to more surface waters from the lake watershed reaching lakes. If contaminants are from local sources, this may influence concentrations in fish.
Flushing rate: FR = (total inflow volume during year)/(total volume of lake). This gives the number of times all water is theoretically exchanged during a year.
Questions of Interest
1. The U.S. Food and Drug Administration has determined that samples with more than 1.0 ppm mercury are above the safety limit. Most states consider 0.5 ppm mercury levels (Maine uses 0.43 ppm) to be high enough to consider taking action (e.g., issuing a health advisory, considering methods of clean-up, etc.). As indicated by the data collected here, are mercury levels high enough to be of concern in Maine?
2. The industries that benefit from dams and dam construction are concerned that environmentalists will claim that high mercury levels in fish are related to the presence of a dam (or man-made flowage) in the lake's drainage. Do the data support this claim?
3. Previous studies [Nilsson and Hakanson, 1992; Larsson et al., 1992] suggest that mercury levels vary by lake type with oligotrophic lakes experiencing the highest mercury levels and eutrophic lakes experiencing the lowest mercury levels. Do the Maine data support this claim?
4. In future studies, it would be useful to predict mercury levels using lake characteristics as the latter are inexpensive data to collect. Which lake characteristics best predict mercury levels?
Additional Questions for Advanced Students
5. Do the missing data appear to be missing at random? If we omit the lakes with missing data from the analysis, how does this influence the resulting inferences?
6. Should the number of fish per sample be taken into account in your regression analysis?
Data
Name of Data File: MAINE.DAT The first 5 lines of MAINE.DAT are shown in Table 2 as they appear in the file. In MAINE.DAT, missing data are indicated by "-9". Note: five lakes have duplicate names, but they are different lakes (see latitude and longitude columns). 
Instructions for Presentation of Results
Write a report addressing the questions above. Include summary statistics for each variable in relevant plots and tables. Interpret your results. You may want to seek out background material on mercury.
The list of references below would be a good place to start your library search.
Assume the report will be read by Maine's governor and legislature. These individuals are concerned about the impact of mercury on the tourism and recreational fishing industries. Since Maine's governor and legislature may not have a background in statistics, make sure the main points in your report can be understood by a non-statistician. 
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Necessary Tools
Exploratory data analysis, basic confidence intervals and/or hypothesis tests, survey sampling, analysis of variance, multiple regression analysis, and regression diagnostics. More advanced levels may require methods for missing data and weighted least squares. Objectives 1. Students apply techniques used in class to real data. They learn, first-hand, how messy data can limit the inferences one can make.
2. Students gain experience in explaining statistical results to non-statisticians.
3. Students learn the impact statistical analysis can have on public policy.
4. Advanced students learn about the ramifications of missing data and the difficulties involved in modeling a highly variable response.
Typical Results
Exploratory Data Analysis
Mercury levels range from 0.02 to 2.5 (Table 3 ). The maximum observation (mercury level = 2.5) is an outlier and is from Hodgdon Lake. Approximately one-half of lakes have elevations less than 500 feet. One lake, West Grand Lake, has a large surface area of 14340 acres while the next largest lake has a surface area approximately half as large. Most lakes have a maximum depth between 0 and 50 feet. Seventy-five percent of the sampled lakes have drainage areas of 21 square miles or less. There are three observations with very small run-off factor levels (Keewaydin Lake, Lovewell Pond, and Pleasant Pond). The median flushing rate is equal to 2.1 flushes per year. No strong relationships appear to exist between mercury level and the predictors (Fig. 2-6 ). 
Question 1:
Based on the states 0.5 ppm criteria, approximately 37.5 percent (90% C.I. of 30.2% to 44.8%) of Maine's 1073 lakes are at risk and approximately 6 percent (90% C.I., 2.3% to 9.4%) are above FDA 1.0 ppm safety limit. For the population of 1073 lakes, an estimated 402 lakes (90% C.I., 324 to 480) are at risk and 63 lakes (90% C.I., 25 -100) are above the safety limits.
Discussion: There are at least two ways to address this question, by computing the percentage of lakes above 0.5 and 1.0 and by comparing the mean mercury level to the threshold levels of 0.5 and 1.0. It makes more sense to base policy decisions on the percentage of lakes above 0.5, since policy makers will probably be more concerned about the percentage of affected lakes than they would be concerned about the estimated level of mercury for all lakes. Translation of the percentage of lakes to numbers of lakes also is helpful to policy makers. The issue of which statistic to use is a worthwhile class discussion topic.
This question also can be discussed from a survey sampling perspective. The 1073 lakes are a finite population of lakes of interest to policy makers, but does not include all lakes; hence inference only applies to the restricted set of 1073 reasonably accessible lakes with the desired fish species and not to the set of all possible 2314 lakes in Maine. This presents an opportunity to discuss how a study or survey design can limit the generalization of the results. The newspapers infer the results apply to all Maine lakes, an inappropriate statistical inference. In addition, these data include only species of fish that are categorized as "predators", and therefore inferences made from these data only apply to these types of fish.
Question 2:
The mean mercury level of lakes without impoundment equals 0.46 ppm and the mean mercury level of lakes with at least some impoundment equals 0.53 ppm. The 95% C.I. for the difference in the means includes 0 (-0.20, 0.05), hence insufficient evidence to conclude that mercury levels of lakes without impoundment are significantly different from mercury levels of lakes with impoundment (Fig. 6 ).
Question 3:
The mean mercury levels in the three types of lakes are quite similar (Fig. 4 ). An ANOVA comparing the three types of lakes indicates there is insufficient evidence to conclude that the lakes are significantly different from one another (p-value = .11).
Discussion: There is a large outlier in the eutrophic group (Hodgdon Pond). It may be of interest to have the students investigate the impact of this outlier on this analysis. A Kruskal-Wallis rank sum test may also be performed. In both cases, the conclusion is the same as above. The Hodgdon Pond outlier is a legitimate mercury value, i.e., not due to data collection error; thus, this is an opportunity to discuss when it is appropriate to discard outliers and the potential benefit of completing two alternative statistical analyses.
Question 4:
For the statistical analysis below, missing data are removed and the number of fish per sample is initially included as a predictor. Many possible approaches can be used to model the data; a simplified analysis is given below.
The regression results for the full model (Table 4) indicate that elevation is a significant predictor of mercury, in the presence of the other lake characteristic predictors. The full model is statistically significant (p-value = .06), but the model explains only 16.8% of the variability in mercury levels.
The model indicates that as elevation increases, mercury levels decrease. The decrease in mercury for an elevation increase of 1000 feet is 3 ppm. There are several potential explanations as to why elevation is a significant predictor of mercury. It is reasonable to assume that most people in Maine live at lower elevations and so mercury levels may be higher for watersheds that are less pristine. Also, watersheds located at lower elevations would presumably consist of water from higher elevations and thus these watersheds may have higher levels of mercury collected from larger drainage areas. .79, df=(11,98), p-value=0.0654 In the studentized residual plots for the full model, Hodgdon Pond is a large outlier (studentized residual = 6.7). While removal of this observation improves the residual plots, removal does not significantly change the full regression model results.
Variable Selection
When all data are included, several frequently used variable selection methods (e.g., adjusted R-squared and stepwise selection) choose the model with elevation as the only predictor.
The studentized residual plots for this reduced model show a large outlier which is Hodgdon Pond, discussed above. When this outlier is removed, the residual plots are improved, but there is some indication of non-constant variance and non-normality. A square-root transformation of mercury level improves the residual plots and results in a model with an R-squared value of 13% (Fig. 7 and Table 5 ). When Hodgdon Pond is removed from the data, some variable selection techniques (e.g., highest adjusted R-squared) choose run-off factor and dam in addition to elevation for inclusion in the model. When the three observations with very small RF values (RF=.06) are removed in addition to Hodgdon Pond, only elevation is selected. It is not clear whether these RF values are valid observations, or whether they resulted from equipment or typographical errors. Students who have done an adequate exploratory data analysis should notice these three observations as outliers in RF. Having students explore the impact of these observations on model selection demonstrates to students the potential impacts of outliers in the predictors in addition to the impact of outliers in the response.
Various models and transformations can lead to improved residual plots, but all models considered to date with reasonably interpretable transformations have very low R-squared values. Reasonable regression models that use lake characteristics as predictors explain little of the variation in mercury levels. In one author's experience, students who are new to regression and also those who are quite experienced learn much about the limitations of regression models when presented with this data set. Many students aim to get models with high R-squared values and lose sight of the importance of interpretable models. A challenging data set like the mercury data allows students to get first hand experience with real data and they learn about the trade-offs faced by statisticians who analyze real, as opposed to clean textbook, data.
